Pyramidal neurons in layer VI of striate cortex are the source of descending projections to the lateral geniculate nucleus (LGN) as well as a major source of axon terminals in the layers of striate cortex that receive LGN projections.
Pyramidal neurons in layer VI of striate cortex are the source of descending projections to the lateral geniculate nucleus (LGN) as well as a major source of axon terminals in the layers of striate cortex that receive LGN projections.
This study examines how the connections of layer VI neurons are arranged with respect to the functionally distinct classes of neurons that compose their cortical and subcortical targets. By placing injections of biocytin into layer VI of tree shrew striate cortex, we identified two sublayers that differ in their intracortical and thalamic connections.
Neurons in the upper part of layer VI, layer Vla, terminate in cortical layer IV, whereas those in the lower part of layer VI, layer Vlb, terminate throughout the supragranular layers, layers I-III. The selectivity of layer VI subdivisions for the granular and supragranular layers is also evident in their descending projections. Neurons in layer Vla terminate preferentially in the LGN layers that supply layer IV (LGN layers 1, 2, 4, and 5), whereas neurons in layer Vlb terminate in the LGN layers that supply layers I-III (LGN layers 3 and 6) and in the pulvinar nucleus. Additional subclasses of layer Vla neurons were identified based on the restriction of their terminal fields to narrow subtiers within layer IV. By influencing the activity of distinct populations of cortical neurons and the thalamic neurons that supply them, layer VI neurons could exert a powerful influence on the flow of activity in functionally distinct cortical circuits.
Key words: visual cortex; area 17; lateral geniculate nucleus; pulvinar; corticothalamic pathways; ON, OFF pathways
Pyramidal neurons in layer VI of striate cortex are the source of descending projections to the lateral geniculate nucleus (LGN) as well as a major source of axon terminals in layer IV of striate cortex-the layer that receives most of the terminals from LGN relay cells (Gilbert and Kelly, 1975; Lund and Boothe, 197.5; Lund et al., 1975; Hendrickson et al., 1978; Gilbert and Wiesel, 1979; Fitzpatrick et al., 1985; Katz, 1987) . A striking feature of both target regions is a diversity of cell types as defined by morphological and physiological criteria. For example, LGN relay cells differ in their size, the temporal and spatial aspects of their visual responses, and the sign of their response (ON-or OFF-center)-differences that reflect, to a large extent, the properties of their ganglion cell inputs (Cleland et al., 1971; Dreher et al., 1976; Sherman et al., 1976; Wilson et al., 1976; Schiller and Malpeli, 1978; Kaplan and Shapley, 1982; Sherman, 1985; Shapley and Perry, 1986) . A comparable diversity is present within cortical layer IV, due in part to specificity in the termination patterns of different classes of LGN neurons (Hubel and Wiesel, 1972; Blasdel and Lund, 1983; Humphrey et al., 1985; Raczkowski and Fitzpatrick, 1990) . This study examines how the connections of layer VI neurons are arranged with respect to the functionally distinct classes of neurons that compose their cortical and subcortical targets.
Studies in primates, in which the clear separation of cell types into layers makes this issue easier to approach, have raised the possibility of a simple rule that relates the patterns of intracortical and thalamic connections: individual layer VI neurons synapse with a limited set of layer IV neurons and with the LGN neurons that supply them (Lund and Boothe, 1975; Lund et al., 1975) . Evidence for the matching of local and distant connections comes from considering the relation of layer VI connections to the parvo-and magnocellular streams (Schiller and Malpeli, 1978; Schiller and Logothetis, 1990) . Neurons in the upper part of macaque layer VI project to the parvocellular layers of the LGN and to cortical layers IVCP and IVA, the layers that receive terminals from parvocellular
LGN neurons; in contrast, neurons in the lower part of layer VI project to the magnocellular layers of the LGN and to layer IVCcu, the target of magnocellular axon terminals (Lund and Boothe, 1975; Lund et al., 1975) .
These results, however, leave open the question of whether the correspondence in local and distant connections can be extended to other types of lateral geniculate relay cells. One class of relay cell that has been overlooked in considering subtypes of layer VI neurons is the population of small, pale-staining neurons that comprise the intercalated layers (Fitzpatrick et al., 1983; Lachica and Casagrande, 1992; Hendry and Yoshioko, 1994) . In addition to receiving a rich descending projection from layer VI, these neurons present an interesting challenge to the proposed rule; unlike their counterparts in the principal layers, the axons of intercalated layer neurons pass through layer IV to terminate in the supragranular layers (layers I-III) (Fitzpatrick et al., 1983; Conley et al., 1984; Lachica and Casagrande, 1092; Usrey et al., 1992; Hendry and Yoshioko, 1994) . A projection from layer VI to the supragranular layers has been described in rat visual cortex (Burkhalter, 1989) ; however, it remains to be seen whether this projection is present in other species and, if so, whether the neurons giving rise to this projection also project to the LGN. It is also unclear how layer VI projections are organized with respect to the ON-and OFF-center subtypes of the LGN relay cells that terminate in layer IV. In several species, these ON-and OFF-center subtypes are segregated into different LGN layers (Schiller and Malpeli, 1978; LeVay and McConnell, 1982; Conway and Schiller, 1983; Stryker and Zahs, 1983; Schiller, 1992) , an arrangement that would seem ideal for ensuring that they sample from different sets of layer VI inputs. But, whether the terminal fields of individual layer VI neurons are actually selective for the ON-versus OFF-center layers of the LGN remains unknown.
We hoped to gain insight into these issues by using microinjections of biocytin to examine the local and long-distance connections of layer VI neurons in striate cortex of the tree shrew. As with primates, tree shrews display a highly laminated geniculostriate system, with separate sets of LGN layers providing inputs to layer IV and the supragranular layers (Carey et al., 1979; Conley et al., 1984; Usrey et al., 1992) . Furthermore, ON and OFF classes of retinal ganglion cells terminate in separate LGN layers, and these layers in turn terminate in different subtiers of layer IV (Harting et al., 1973; Conway and Schiller, 1983; Conley et al., 1984; Raczkowski and Fitzpatrick, 1990 ). This arrangement Figure 2 . Photomicrograph of a Nissl-stained section of striate cortex. Layer IV is subdivided by a cell-sparse cleft into IVu and II%. Layer III is subdivided based on cell density into three sublayers: Illa, ZZIb, and ZZIc. Layer VI is subdivided based on cell density into two sublayers: VIu and VIb. Figure 2 . An example of a biocytin injection site in layer VI of striate cortex and the resulting pattern of labeled axons and terminals in the overlying cortical layers. A, Photomicrograph of a Nissl-stained section of striate cortex with an injection of biocytin centered at the layer Vlu-Vlb border. Above the injection site, labeled fibers and terminals can be seen both in layer Nand in layer Illb. B, High-power photomicrograph of layer IV revealing the fine nature of the axons and boutons. Most of the boutons are attached to the axons by short, thin stalks (arrow).
provides a unique opportunity to assess the relation of layer VI neurons to the ON and OFF classes of relay cells and their cortical targets.
MATERIALS AND METHODS
Animal preparation.
Eighteen adult tree shrews, Tupuiu belungeri, of both sexes were used in this study. Surgical anesthesia was induced with a mixture of ketamine (180 mg/kg) and xylazine (5.75 mg/kg) and main- Figure 5 . Camera lucida drawings of three individual layer k7b pyramidal neurons (A-C) and their intrinsic projections labeled with biocytin. Each of the neurons has a single axon that exits the soma and enters the white matter. From this axon, one to three collaterals turn and ascend through layers VT, V, and N before branching extensively in the supragranular layers, primarily layers ZZZb-I. The terminal fields of these axons extend for -500 wrn parallel to the cortical surface. 
RESULTS
Cytoarchitecture of tree shrew striate cortex Figure 1 provides a brief review of the major features of the tree shrew striate cortex that are relevant for understanding the connections of layer VI neurons. The most prominent feature of tree shrew striate cortex, and the principal target of layer VI intrinsic axon arbors, is the darkly stained, cell-rich layer IV (Fig. 1) . A cell-sparse cleft divides this layer into two tiers, IVa and IVb, which arc the targets of ON-and OFF-center LGN pathways, respectively (Harting et al., 1973; Conley et al., 1984; Raczkowski and Fitzpatrick, 1990) . As our results show, layer VI neurons also project to the supragranular layers, the largest part of which is occupied by three subdivisions of layer III: the cell-sparse IIIc, which lies immediately adjacent to layer IV; the cell-rich IIIb, which occupies the middle third of layer III; and IIIa, which is intermediate in cell density and borders on the cell-rich layer II. Layer VI is composed of subdivisions that differ in their cell density: a prominent cell-rich zone (Via) that lies adjacent to layer V, and a cell-sparse zone (VIb) that extends from the base of Via into the white matter. The results presented here suggest that neurons in these two subdivisions differ in their pattern of intracortical and thalamic projections. Labeled fibers rise in a radial manner away from the layer Via/ VIb injection site and give rise to a dense band of labeled terminals that extends across the depth of layer IV. In addition, a second distinct band of labeled terminals is present in layer IIIb. Both of these labeled bands contain a dense network of finecaliber axons and boutons (Fig. 2B) . Consistent with the descriptions of layer VI axon arbors in other species (Lund and Boothe, 1975; Gilbert and Wiesel, 1979; Katz, 1987; Anderson et al., 1993) most of the boutons are attached to the axonal branches by short, thin stalks (arrow). In addition to the dense bands of labeling in layers IV and IIIb illustrated in Figure 24 , a less dense plexus of labeled fibers extends above layer IIIb into layer I. These fibers are similar in morphology to those terminating in the deeper layers. Smaller injections of biocytin restricted to either Via or VIb show that the projections to layer IV and layer III arise from different populations of layer VI neurons. A total of 13 injections of biocytin were restricted to layer VIb; in each case, labeled terminals were found primarily in layers IIIb-I. The distribution of axon arbors from a small population of layer VIb neurons is illustrated in Figure 3B . The ascending axons of layer VIb neurons pass through layer V without branching. In layer IV and in layer IIIc, the main axonal trunks begin to branch and their collaterals In contrast, injections of biocytin restricted to layer Via result in a dense plexus of labeled terminals in cortical layer IV. Twenty injections of biocytin were restricted to layer Via of striate cortex and, in each case, labeled fibers and terminals were present in layers IVa and IVb with only an occasional labeled fiber extending into the supragranular layers. The distribution of axon arbors from a small population of layer Via neurons is shown in Figure 3A .
To examine the morphology of individual layer VI neurons that contribute to the patterns just described, we reconstructed the dendritic processes and axon arbors of 8 single VIb neurons and 16 Via neurons from our smallest biocytin injections (Fig. 4) . All of the neurons that we reconstructed were pyramids, and the results to be presented are confined to a description of this neuronal class. These neurons had clearly defined apical and basilar dendritic fields, the processes of which were studded with spines. Each of these neurons also had a single axon that descended from the soma and entered the white matter. Before entering the white matter, all of the pyramidal cell axons gave rise to recurrent collaterals (typically 2-3) that turned and ascended through layer VI to terminate in the more superficial cortical layers.
Examples of biocytin-labeled neurons with cell bodies located in layer VIb are shown in Figure 5 . In each case, the ascending axonal trunks have a predominantly vertical trajectory until they reach layer IIIb, where they branch repeatedly to form a plexus that extends throughout layers IIIb-I. The pyramidal neurons in layer VIb appear to be homogenous with respect to the distribution of their axon arbors. We found no evidence for subtypes of layer VIb neurons with axons restricted to less than the full width of layers IIIb-I.
All of the reconstructed neurons with cell bodies located in layer Via gave rise to axon arbors that terminated in both subdivisions of layer IV (IVa and IV%). Thus, individual layer Via neurons show little selectivity for the ON and OFF pathways within layer IV. However, two distinct classes of layer Via neurons could be identified based on the sublaminar distribution of their terminals within each subtier of layer IV. One class has terminal fields that are biased toward the outer edges of layer IV (the upper part of IVa and the lower part of IVb); the other has terminal fields that are biased toward the cell-sparse cleft of layer IV (the lower part of IVa and the upper part of IVb).
Examples of layer Via pyramidal cells with axon terminal fields biased toward the edges of layer IV are shown in Figure 6 . In each case, the recurrent axons rise through layer V and arborize in two separate tiers leaving the region surrounding the cleft relatively free of labeled terminals. The extent to which the terminal arbors of these cells encroached on the middle of IVa and IVb varied from cell to cell. At one extreme are the cells such as that shown in Figure 6 , A and B, the axon terminals of which are virtually confined to the outer third of each tier. At the other extreme are cells such as those shown in Figure 6 , C and D, the axon terminals of which spread more widely across the depth of each tier and yet still spare the region around the cleft.
In contrast, Figure 7 , A and B, shows examples of layer Via neurons with projections that are biased toward the middle of layer IV. These neurons give rise to recurrent axons with a single terminal field that occupies the cleft and the immediately adjacent parts of IVa and 1%. The difference between these two classes in the sublaminar arrangement of axon terminal fields is illustrated in quantitative form in Figure 8 . The histograms in this figure show the number of labeled boutons as a function of depth from the top of layer IV for each of the axons illustrated in Figures 6 and 7 . Those illustrated in Figure 6 have two peaks at the edges of layer IV, whereas those illustrated in Figure 7 have a single peak at the midpoint of the layer.
In addition to differences in the distribution of axon terminals, we also noted more subtle, but consistent differences in the distribution of the apical dendrites of these two classes of Via neurons. All of the neurons gave rise to apical dendrites that arborized in layer V. However, those with axon arbors in the middle of layer IV gave rise to dendrites that also arborized in the middle of layer IV and in layer IIIb. In contrast, those with axon arborizations at the edges of layer IV had apical dendrites that did not extend above the lower part of layer 111~ and, in some cases, gave rise to a small tuft in this region.
Organization of layer VI projections to the thalamus
Before describing the pattern of axonal projections to the thalamus, it is necessary to review the organization of the tree shrew LGN. The LGN in the tree shrew is a prominent structure with six well defined layers (Fig. 9) . Layers 1, 2,4, and 5 are the source of projections to layer IV of striate cortex (Harting et al., 1973; Conley et al., 1984; Raczkowski and Fitzpatrick, 1990) . Layers 1 and 2 are a matched-pair that provide layer IVa with ON-center information from the ipsilateral and contralateral eyes, respectively (Norton, 1982; Conway and Schiller, 1983; Holdefer and Norton, 1995) . Layers 4 and 5, also a matched-pair, provide layer IVb with OFF-center information from the contralateral and ipsilateral eyes, respectively. Layers 3 and 6 are the small-cell intercalated layers that project directly to the supragranular layers of striate cortex (Carey et al., 1979; Conley et al., 1984; Usrey et al., 1992) . Layers 3 and 6 both receive input from the contralateral eye and these layers contain neurons with ON/OFF response properties (Norton, 1982; Conway and Schiller, 1983) .
As a first step toward understanding the organization of projections from layer VI neurons to the thalamus, we examined injections of biocytin that included both Via and VIb and reconstructed the total pattern of labeled axon arbors in the thalamus. An example of such an injection and the resulting pattern of labeled terminals is shown in Figure 10 . The injection site is centered at the layer VIa/VIb border and extends across most of the depth of layer VI. Within the thalamus, the most prominent feature of the layer VI projection is a dense column of labeled terminals that passes through each of the six LGN layers. The column of labeled terminals is oriented at an oblique angle to the coronal plane of section; thus, a rostral-to-caudal series of sections is necessary to reveal the entire projection pattern. Labeled terminals are also present in the interlaminar zones that separate each of the layers. Indeed, consistent with previous reports (Brunso-Bechtold et al., 1983) , the projection to the interlaminar zones often appears more robust than the projection to the layers.
A second cluster of labeled axons and terminals lies immediately medial to the LGN in the most ventral portion of the pulvinar nucleus. Previous studies identified this region as the "capsule of the pulvinar nucleus" and demonstrated that it is a source of projections to the supragranular layers of striate cortex (Carey et al., 1979) . The labeled axons in the LGN and the pulvinar nucleus are virtually identical in appearance. The terminal swellings are attached to axonal branches primarily by short, thin stalks in a drumstick-like arrangement.
Terminals are also present en passant, although they are much less abundant.
Smaller injections of biocytin restricted to either Vla or VIb resulted in different patterns of labeled terminals in the thalamus. Figure 11 shows three examples of the distribution of layer VIb axons in the thalamus. These examples include a small population of layer VIb axons and two individual layer VIb axons. In each case, layer VIb axons give rise to collaterals with terminal boutons in the pulvinar nucleus (arrowheads) before entering the LGN. Within the LGN, axons extend across all six layers arborizing preferentially in layers 3 and 6 and to some extent in the interlaminar zones. The histograms that accompany each of the reconstructions in Figure 11 provide a quantitative assessment of the distribution of labeled terminals across the depth of the LGN. Within layer 3, the number of terminals peaks near the edges of the layer and in the interlaminar zones on each side of the layer. 1 ii 2 ;j 3 ii 4 ii 5 ;; 6
LGN Layers In each case, the number of labeled boutons peaks within layers 3 and 6. Before entering the LGN, each of the axons also gives rise to terminals (nrrowheads) within the pulvinar nucleus.
In contrast, axons labeled after injections into layer Via pass through the pulvinar nucleus without arborizing and give rise to a different pattern of arborization in the LGN. As shown in Figure   12 , after injections in layer Via, the density of labeled terminals is greatest in layers 1, 2, 4, and 5 and in the interlaminar zones; only a few labeled terminals are present in layers 3 and 6. In general, the OFF layers (layers 4 and 5) contain more labeled terminals than the ON layers (layers 1 and 2), but individual axons always terminated in both the ON and OFF layers. Although our sample size is small, individual axons appeared to show an ocular bias in their terminal fields: some axons terminated more heavily in the ipsilateral set of layers (layers 1 and 5), whereas others terminated more heavily in the contralateral set of layers (layers 2 and 4). These results suggest that neurons in layer Via and VIb differ in their pattern of projection to the LGN. Neurons in layer Via terminate in the principal layers of the LGN, whereas those in Bouton counts are greatest outside layers 3 and 6.
layer VIb terminate primarily in layers 3 and 6. In addition, layer VIb neurons send collaterals to the pulvinar nucleus. In a final set of experiments, we attempted to confirm these results by using retrograde tracers to examine the distribution of labeled cells in layer VI after injections into the thalamus. Limiting injections of retrograde tracers to LGN layers 3 and 6 proved to be too difficult, therefore, we decided to try a simpler experiment and compare the distribution of neurons projecting to the pulvinar nucleus with those projecting to the LGN. Because only the layer VI axons that terminate in LGN layers 3 and 6 had collaterals that terminated in the pulvinar nucleus, we expected to find pulvinar-projecting neurons limited to VIb and LGNprojecting neurons distributed throughout the depth of layer VI. As illustrated in Figure 13 , after injections of retrograde tracers 1214 J. Neurosci., LGN / ate cortex by the pulvinar injection shown in . " C. Labeled neurons are located almost exclu-' : sively in layer VZb.
._( .
(cholera toxin or WGA-HRP) into the LGN, labeled neurons were found throughout layers Via and VIb. In contrast, after injections into the pulvinar nucleus, labeled neurons were restricted primarily to layer VIb (Fig. 13) . In addition to the labeled cells in layer VIb, injections into the pulvinar nucleus also labeled a small population of neurons in layer V (not shown).
DISCUSSION
These results show that layer VI of tree shrew striate cortex consists of two distinct sublaminae that differ in the distribution of their intracortical and thalamic projections (Fig. 14) . Neurons in layer Via terminate in cortical layer IV, whereas neurons in layer VIb terminate throughout the supragranular layers, layers I-III. The selectivity of layer VI subdivisions for the granular and supragranular layers also is manifest in their descending projections to the thalamus. Although both tiers contain neurons that project to the LGN, neurons in layer Via terminate preferentially in the LGN layers that supply layer IV (LGN layers 1,2,4, and 5), whereas those in layer VIb terminate in the LGN layers that supply layers I-III (LGN layers 3 and 6). Furthermore, neurons in layer VIb send collaterals to the pulvinar nucleus, which also projects to the supragranular layers.
In contrast to the selectivity shown for the granular and supragranular layers, the axons of layer VI neurons show little selectivity for the ON-and OFF-center subtypes of LGN neurons, either in the LGN or in cortical layer IV. Although individual layer Via neurons project to both the ON and OFF tiers of layer IV, their terminal fields are limited to narrow strata within each tier, suggesting a selectivity related to other features that characterize the responses of layer IV neurons. In the following sections, we consider the significance of these findings for understanding the role of layer VI neurons in visual processing.
Cortical layer IV and the supragranular layers are targets of separate layer VI pathways Because layer IV generally is regarded as the target of layer VI pyramidal cell axons (Lund and Boothe, 1975; Gilbert and Wiesel, 1979; Katz, 1987) , the finding that injections of biocytin into layer VI resulted in a dense plexus of terminals in the supragranular layers was a surprise. A modest projection from layer VI to the supragranular layers has been noted in rat visual cortex and, similar to our findings in the tree shrew, this projection appears to originate from the deepest part of layer VI (Burkhalter, 1989) . Although a projection from layer VI to the supragranular layers has not been described in carnivores or primates (however, see Wiser and Callaway, 1994) it seems unlikely that such a pathway is unique to tree shrews and rodents. Layer VI in most species consists of subtiers that differ in cell density and Nissl-staining intensity in a manner similar to that in the shrew (Sugita, 1917; O'Leary, 1941; Krieg, 1946; Billings-Gagliardi et al., 1974) . Perhaps the proximity of the supragranular-projecting neurons to the white matter and the fact that they are overshadowed by the greater number of cells in layer Via account for their omission from the descriptions of layer VI projections in other species.
In addition to their location within layer VI, the supragranularand granular-projecting neurons in layer VI also differ in their dendritic morphology and in their descending projections to the thalamus. The latter conclusion is based on evidence that neurons in layer Via and VIb differ in their thalamic projections (see below) and the observation that all of the local axon arbors of layer VI neurons in the tree shrew originate as collaterals from axons that enter the white matter. Because we have not traced the entire axon arbor of individual layer VI neurons (i.e., both local and distant terminal fields), we cannot rule out the possibility that some of the layer VI neurons, the local axon arbors of which we reconstructed, project to targets other than the thalamus. However, the most likely nonthalamic target is the claustrum-a structure that receives inputs from 6% of the neurons in layer VI of striate cortex, all of which are located in layer Via (Carey et al., 1980; LeVay and Sherk, 1981; Katz, 1987) . Given that LGNprojecting neurons constitute -50% of the neurons in layer Via (Gilbert and Kelly, 1975; Katz, 1987) , it seems reasonable to February 1, 1996, 76( conclude that a majority of the neurons in our sample of layer Via neurons project to the thalamus, and that these neurons have collaterals that terminate in cortical layer IV.
Descending projections of layer VI are selective for the granular-and supragranular-projecting layers of the LGN Studies in other species also have provided evidence that the corticogeniculate pathway is composed of subtypes of layer VI cells that differ in their patterns of termination within the LGN (Lund et al., 1975; Conley and Raczkowski, 1990; Fitzpatrick et al., 1994; Murphy and Sillito, 1994) . However, these descriptions have focused on the more prominent cell layers in the LGN, those that send their axons to cortical layer IV. The results of this study suggest that the small-cell layers of the LGN, the layers that are the source of projections to the superficial cortical layers, are the targets of a separate descending pathway that arises from neurons in layer VIb. Whether there is a distinct descending pathway to the supragranular projecting layers of the LGN in other species remains unknown. In primates, the small-cell intercalated layers of the LGN, as with the magno-and parvocellular layers, receive a significant contribution from layer VI cells in striate cortex (Lin and Kaas, 1977; Symonds and Kaas, 1978; Wilson and Hendrickson, 1981) ; however, their scattered location in the interlaminar spaces has made it difficult to determine the source of their layer VI input (Fitzpatrick et al., 1994) . Although the descending projections of neurons in layers Via and VIb are distinct, it must be acknowledged that the terminal distributions of these two layers overlap within the interlaminar zones of LGN. The interlaminar zones of the tree shrew LGN (as with those in other species) contain the distal dendrites of the relay cells and interneurons, the cell bodies of which lie in the adjacent layers (Brauer et al., 1981; Conley and Wilson, 1992) . Thus, the overlap of the two distributions in these regions could signify that some LGN neurons receive synaptic inputs from neurons in both Via and VIb. Alternatively, the synaptic contacts in the interlaminar zones could be just as specific as the synaptic contacts in the layers; i.e., the terminal fields of layer VI neurons might be selective for the dendritic processes of supragranularor granular-projecting
LGN neurons in the layers as well as in the interlaminar zones. Although this issue cannot be resolved with light microscopic analysis, the pattern of projections to the interlaminar zones favors the latter interpretation.
For example, after injections in layer VIb, labeled terminals are numerous in the interlaminar zones that surround LGN layer 3 and sparse in the interlaminar zones between layers 4 and 5 and between layers 1 and 2. If the distal dendrites of layer 2 and layer 4 neurons receive synaptic contacts from layer VIb neurons, then one would expect to see terminals in all of the interlaminar zones, not just those that surround layer 3.
In addition to the difference in their laminar distribution within the LGN, neurons in layer VIb are distinguished by the fact that they project to both the LGN and the pulvinar nucleus. A recent study in the rat visual cortex also has demonstrated that individual neurons in layer VIb send collaterals to both the LGN and the pulvinar nucleus (Bourassa and Deschenes, 1995) . Projections to the pulvinar nucleus from the deepest part of layer VI have also been described in the galago (Conley and Raczkowski, 1990 ). Although they reside in different nuclei, neurons in the pulvinar nucleus and LGN layers 3 and 6 are similar in several respects. Both sets of neurons receive terminals from the superficial layers of the superior colliculus (Harting et al., 1973; Fitzpatrick et al., 1980) , and they are both sources of projections that terminate in the supragranular layers of striate cortex (Carey et al., 1979; Conley et al., 1984; Usrey et al., 1992) . Thus, the correspondence between the local connections of layer VI neurons and the distribution of their terminals in the LGN may reflect a more general rule that underlies the connections of corticothalamic neurons.
Relation of layer VI projections to the sublaminar organization of tree shrew layer IV Our results also show that there are subclasses of layer Via neurons that differ in the distribution of their axon terminals within layer IV. Unlike LGN afferents that restrict their terminal fields to either IVa or IVb, individual layer Via neurons project to both IVa and IVb, terminating in either the outer or the inner parts of each sublayer. The strata of layers IVa and IVb identified by the terminal fields of different classes of layer VI neurons are similar to strata that have been identified in studies of the organization of projections from layer IV to the supragranular layers (Muly and Fitzpatrick, 1992) (Fig. 14) . Neurons with cell bodies that lie at the outer edges of layer IV (upper IVa and lower IVb) have axon terminal fields that are restricted to the deepest part of layer 111~; in contrast, neurons with cell bodies that lie in the inner part of each sublayer (lower IVa, upper IVb) give rise to axons that ascend through 111~ to terminate in layers I-IIIb. A third pathway connects neurons with cell bodies located in the middle of layers IVa and IVb with the upper part of layer 111~. The similarity in the two patterns suggests that each of the parallel pathways that links layer IV with layers I-III is associated with a distinct class of layer VI neurons.
One feature that distinguishes the response properties of the neurons in these parallel layer IV-III pathways is ocular dominance. Unlike other species in which LGN axons driven by the left and right eye terminate in alternating columns, in the tree shrew, LGN axons driven by the two eyes terminate in a partially stratified manner within IVa and IVb (Fig. 14) (Casagrande and Harting, 1975; Hubel, 1975; Conley et al., 1984; Raczkowski and Fitzpatrick, 1990) . Lateral geniculate neurons driven by the contralateral eye terminate throughout the depth of IVa and IVb, whereas LGN neurons driven by the ipsilateral eye terminate along the edges of layer IV. As a result, neurons near the edges of layer IV are binocular, whereas those near the center are driven almost exclusively by the contralateral eye (Kretz et al., 1986 ). This stratified organization for ocular dominance is recapitulated across the layer IV target zones in the superficial cortical layers: the influence of the ipsilateral eye is greatest in layer 111~; in contrast, neurons in layers II and IIIa are driven almost exclusively by the contralateral eye (Muly, 1992) . These results suggest that the sublaminar specificity in the innervation of layer IV by layer Via neurons is related, at least in part, to the property of ocular dominance. Layer VI neurons innervate select populations of ON and OFF neurons that have matching ocular preferences. Not only are the terminal fields of layer Via neurons selective for parallel layer IV-III pathways, their dendritic processes may sample selectively from them as well. Layer Via neurons with terminal fields in the center of layer IV have apical dendrites that branch in the same region. In addition, some of these dendrites ascend to layer IIIb, where they give rise to a second tuft of branches. In contrast, those with terminal fields near the edges of layer IV rarely have apical dendrites that ascend beyond the lower half of layer IIIc, and many of these have small tufts in this region. The selectivity in dendritic sampling suggests that layer VI neurons have ocular Specificity i n the Connections of Layer VI Neurons J. Neurosci., February 1, 1996 , 16(3):1203 -1218 1217 preferences that match their target regions. If so, then despite the obvious differences between the laminar arrangement of ocular dominance in shrews and the columnar arrangement in other species, there is an underlying functional similarity. In both cases, differences in ocular preference are established by the pattern of LGN axon terminations and preserved by specificity in the patterns of intracortical circuits (Hubel and Wiesel, 1968, 1977) .
Recent studies in the cat suggest that the distribution of layer VI axon arbors in the LGN also is correlated with ocular preference (Murphy and Sillito, 1994) . Layer VI neurons driven more strongly by the contralateral eye terminate preferentially in lamina A, which receives its input from the contralateral eye, whereas layer VI neurons driven more strongly by the ipsilateral eye terminate preferentially in lamina AI, which receives its input from the ipsilateral eye. Studies in primates have also suggested a correspondence between the ocular preference of layer VI neurons and the distribution of their axon arbors in the LGN (Hendrickson et al., 1978) . Although our sample size is small, we also noted that layer Via axons terminated preferentially in the ipsilateral or contralateral sets of the ON and OFF LGN layers. Perhaps the selectivity of layer Via neurons for subdivisions of layer IV that differ in their ocular preference is associated with a corresponding selectivity in the pattern of their descending axons.
Functional significance of parallel layer VI pathways The results of this study demonstrate striking similarities in the pattern of connections established by the local and descending axon arbors of layer VI neurons. Layer Via neurons project to layer IV and to the LGN layers that supply layer IV, whereas those in layer VIb project to the supragranular layers and to the LGN neurons that project to these layers. Furthermore, the axons of individual layer Via neurons terminate in both the ON and OFF subtiers of layer IV and the ON and OFF layers of the LGN, and they exhibit a sublaminar arrangement in both targets that appears related to ocular dominance. The correspondence between the arrangement of descending and local connections suggests that layer VI neurons serve some role in coordinating the activity of specific cortical circuits with their sources of thalamic inputs.
What this role might be is not clear, but recent studies of the corticogeniculate pathway by Sillito and colleagues offer an interesting possibility (Sillito et al.', 1994) . Although layer VI inputs often may be subthreshold, they can modulate the responsiveness of LGN neurons and influence the timing of the response of a relay cell to the presentation of visual stimuli. For example, the responses of the population of LGN neurons activated by an oriented edge are synchronized, and this synchrony appears to depend on descending projections from visual cortex (Sillito et al., 1994) . As a result of the temporal coherence supplied by layer VI neurons, the EPSPs evoked in cortical neurons by this population of LGN neurons might summate, thereby indirectly facilitating the transfer of activity from specific sets of LGN neurons to their cortical targets.
Perhaps the local connections of layer VI neurons serve a similar role in regulating the timing of cortical neuron responses to visual stimuli. Indeed, the fact that the same layer VI neurons are the source of the corticothalamic and intracortical pathways suggests a tight functional linkage between the two systems in the temporal domain. By coordinating the timing of the responses of distinct populations of cortical neurons and the thalamic neurons that supply them, layer VI neurons could exert a powerful influence on the flow of activity in functionally distinct cortical circuits.
